Functional proteins coded by genes 46 and 47 are required for (i) continuation of deoxyribonucleic acid (DNA) synthesis in the late period of T4 infection and (ii) production of normal, late replicating DNA which contains strands with a sedimentation coefficient in alkaline sucrose greater than that of mature DNA (73S). Continued DNA synthesis in the late period in the absence of functional genes 46 or 47 can be achieved by inhibiting late protein synthesis either by using bacteriophage with a second mutation in gene 55 or by adding chloramphenicol to the culture before the decline in the rate of DNA synthesis. However, when functional 46/47 proteins are absent throughout infection, no strands with a sedimentation coefficient greater than 73S (in alkaline sucrose) are produced. This is the case even when DNA synthesis is allowed to continue. DNA arrest is accompanied by conversion of rapidly sedimenting, replicating DNA to slower sedimenting forms. When 46/47 is absent from the beginning of infection, the conversion product has a smaller sedimentation coefficient than mature DNA both in neutral and alkaline sucrose. When DNA arrest occurs midway in infection by heat-inactivating the ts46 enzyme, the conversion product has a sedimentation coefficient (i) the same as mature DNA in both neutral (63S) and alkaline sucrose if capsid assembly is allowed to take place and (ii) close to 63S in neutral sucrose but heterogenous and relatively greater (up to 100S) in alkaline sucrose if capsid assembly is inhibited. The structure of this DNA is unknown.
Functional proteins coded by genes 46 and 47 are required for (i) continuation of deoxyribonucleic acid (DNA) synthesis in the late period of T4 infection and (ii) production of normal, late replicating DNA which contains strands with a sedimentation coefficient in alkaline sucrose greater than that of mature DNA (73S). Continued DNA synthesis in the late period in the absence of functional genes 46 or 47 can be achieved by inhibiting late protein synthesis either by using bacteriophage with a second mutation in gene 55 or by adding chloramphenicol to the culture before the decline in the rate of DNA synthesis. However, when functional 46/47 proteins are absent throughout infection, no strands with a sedimentation coefficient greater than 73S (in alkaline sucrose) are produced. This is the case even when DNA synthesis is allowed to continue. DNA arrest is accompanied by conversion of rapidly sedimenting, replicating DNA to slower sedimenting forms. When 46/47 is absent from the beginning of infection, the conversion product has a smaller sedimentation coefficient than mature DNA both in neutral and alkaline sucrose. When DNA arrest occurs midway in infection by heat-inactivating the ts46 enzyme, the conversion product has a sedimentation coefficient (i) the same as mature DNA in both neutral (63S) and alkaline sucrose if capsid assembly is allowed to take place and (ii) close to 63S in neutral sucrose but heterogenous and relatively greater (up to 100S) in alkaline sucrose if capsid assembly is inhibited. The structure of this DNA is unknown.
The functions of both genes 46 and 47 are required for deoxyribonucleic acid (DNA) replication and recombination in bacteriophage T4 and for host DNA degradation. When either 46 or 47 is not functional, DNA is synthesized at a normal rate during the early infection period but synthesis stops in the late period (11, 33) . Partial impairment of either or both genes causes a decided reduction in genetic recombination among progeny phage (4, 5) . It has been suggested that both 46 and 47 functions are necessary for expression of exonuclease activity responsible for degradation of host DNA after T4 infection (8, 23, 33 ). This exonuclease is probably able to digest T4 DNA (17, 19) . There has, as yet, been no in vitro evidence reported to substantiate the existence of this exonuclease or to show whether its regulation by genes 46 and 47 is direct or indirect.
The work reported in this paper was done primarily with one temperature-sensitive mutant and several amber mutants in gene 46 and designed to elucidate the precise nature of the mutants' DNA replication defects in vivo. An amber mutant and a temperature-sensitive mutant in gene 47 were used in several cases to confirm some specific characteristics found with the gene 46 mutants. The effects of late protein synthesis and capsid assembly on DNA synthesis by 46 mutants were also examined by adding secondary mutations to the phages to inhibit these processes.
While this manuscript was in preparation, other investigators reported work related to DNA replication by 46/47 amber mutants (26) (27) (28) . Most of their data, where it overlaps our own material, was not contradictory to our conclusions. Some of the results presented here have been reported previously (Hosoda and Mathews, Fed. Proc. 28:861, 1969 ).
MATERIALS AND METHODS
Phage and bacterial strains. T4 a Amber mutants and temperature-sensitive mutants were obtained from R. Edgar, except A456 X 5, which is a gift from E. Kutter. Recombinants were prepared in this laboratory. I In this paper, multiple mutants are represented by gene numbers and type of mutation is given in parentheses, instead of using individual phage names.
c DNA, deoxyribonucleic acid; mRNA, messenger ribonucleic acid.
TCG low-phosphate medium, and TCG buffer were reported previously (18, 19) . Composition of saline sodium citrate (SSC) buffer was 0.15 M NaCl and 0.015 M sodium citrate, pH 7.0. The composition of column buffer CB-0.1 was 0.02 M tris(hydroxymethyl) aminomethane (Tris)-hydrochloride (pH 7.4), 0.001 M MgCl2, and 0.1 M NaCl. CB-0.2 and CB-0.4 had the same composition as CB-0.1 except NaCl was 0.2 and 0.4 M, respectively.
Chemicals. Most of the chemicals used in these experiments were reported previously (19) . In addition, polyethylene glycol (PEG) 6000 was from Matheson, Coleman and Bell, and Sarkosyl NL30 (sodium sarkosynate) was a gift from Geigy Industrial Chemicals, Inc. Cs2SO4 was from Gallard Schlesinger Chemical Manufacturing Corp.
Preparation of 32P-T4. E. coli cells were grown to a concentration of 5 X 108 cells/ml in TCG-lowphosphate medium containing 32P-phosphate (4 to 24 /Ci/Mmole) and infected with an average of three phage particles per bacterium. The culture was incubated for 120 min at 30 C and lysed with chloroform. Cell debris was removed by centrifugation at 6,000 rev/min for 10 min after the culture was treated with ribonuclease and deoxyribonuclease (10 ug/ml each) for 30 min at 37 C. Phage preparations were purified with one of the following procedures. (i) Column chromatography: 1 to 5 ml of lysate containing blue dextran dye was applied to a Sephadex G-75 column (1.2 to 2 by 30 cm). Phage were eluted with CB-0.1. The fraction containing the dye marker was applied to a diethylaminoethyl (DEAE) cellulose column (0.5 by 6 cm). The column was washed with CB-0.2 and phage were eluted with CB-0.4. (ii) PEG precipitation (34): NaCl was added to a final concentration of 0.5 M in the lysate. PEG 6000 was then added to a final concentration of 6% (w/v). The mixture was immediately put into ice for 60 min. Phage were precipitated by centrifugation at 10,000 rev/min for 30 min. The supernatant fluid was decanted off, and the interior surface of the centrifuge tube was wiped with a sterile cotton swab to remove any residual supematant fluid. The pellet was resuspended in 0.5 to 1 ml of TCG buffer and residual debris was removed by centrifugation at 5000 rev/min for 10 min. Recovery was 80% of the infective phage in the lysate.
Method of infection and measurement of the thymidine incorporation rate. The method of infection and measurement of the thymidine incorporation rate were reported in previous papers (18, 19) . A second dose of five phage particles per bacterium was given between 4 and 20 min after infection to achieve lysis inhibition. In the case of 32P-phage, either no secondary phage was added or nonradioactive phage of the same genotype was used, as indicated in the figure legends.
Measurement of total radioactive thymidine incorporated into DNA. To 0. Hydroxyapatite column chromatography. Hydroxyapatite column chromatography of DNA samples was carried out as described by Oishi (25) .
Pronase treatment. In the presence of sarkosyl, 1 mg of Pronase per ml was added to cell lysates treated with lysozyme and sarkosyl as described above, and samples were incubated overnight at 37 C. In the absence of sarkosyl, 100 ,g of heat-treated Pronase per ml (37 C, 120 min; 80 C, 2 min) (35) (17, 19) . To examine the dependence of DNA synthesis on the gene 46 function, the rates of thymidine incorporation by L166 (46ts)-infected cells at the permissive and nonpermissive temperatures were measured by pulse-labeling the cultures with 3H-TdR. Figure 1 shows that when L166 (46ts) was grown at 25 C (permissive temperature), thymidine incorporation started around 10 min after infection and the rate increased until 30 min (curve 1). TdR incorporation continued at a constant rate thereafter if lysis was inhibited by adding a secondary dose of phage. When L166 (46ts) was grown at 42 C, TdR incorporation started at about 3 min after infection, but it began declining by the 10th min and nearly stopped by the 30th min (curve 2). When the culture was transferred from 42 to 25 C at 16 (17, 19) corresponded fairly well to the increase in the total amount of DNA measured by indol-hydrochloride color reaction (33; J. Hosoda, E. Mathews, and B. Jansen, unpublished data). Therefore, it seems reasonable to conclude from the data presented in Fig. 1 that (i) DNA arrest of the 46 mutant is reversible and (ii) 46 function is required for maintaining DNA synthesis beyond the onset of late protein synthesis, which is 18 to 20 min at 25 C (17).
Effect of Cam and an amber mutation in gene 55 on DNA arrest. It has been reported that phenotypic expression of DNA arrest by N130 (46am) is inhibited by an amber mutation in gene 33 or in gene 55 (which prevents transcription of the late messenger RNA) or by addition of chloramphenicol (Cam) to the cultures (7). In our experiments, DNA arrest in both temperature-sensitive and amber mutants in gene 46 was inhibited by a mutation in gene 55 and by Cam.
Tables 2 to 5 demonstrate the rates of 3H-thymidine uptake under various conditions, as calculated from the increase in radioactivity of cultures continuously labeled with 3H-TdR. At 30 C, cultures infected with T4 continued TdR incorporation at an essentially constant rate. Phage carrying the L166 (46ts) mutation incorporated TdR at almost the same rate or at a slightly reduced rate as those infected with non-temperature-sensitive phages (Table 2) . When a L166 (46ts)-infected culture was transferred from 30 to 42 C at 35 min after infection, the rate of TdR incorporation dropped after a brief period of rapid uptake (Table 3) . However, TdR incorporation by (46ts, 55am), a mutant that does not synthesize late proteins, continued after the upshift at the same rate as BL292 (55am). Thus, DNA arrest after heat inactivation of the L166 protein was caused by some part of the late, protein synthesis process. When Cam was added to L166 (46ts)-infected cultures prior to the transfer, TdR incorporation continued at a much higher rate and for a longer time than in its absence, although DNA arrest was not completely prevented (Table 3) . At 30 C, late protein synthesis started approximately 12 min after infection (7) . Cam addition after a considerable quantity of late proteins had been synthesized (30 min) was as effective in prolonging DNA synthesis as Cam addition at a time when no accumulation of late protein would be anticipated (10 min).
When an L166 (46ts)-infected culture was kept at 42 C for 30 min, DNA synthesis almost stopped (Table 4) . Upon subsequent downshift to 30 C, Fig. 3 . The difference in buoyant density in Cs2SO4 between E. coli DNA (1.426 g/ml) and glucosylated-T4 DNA (1.443 g/ml) is large enough (12) that they are clearly separable by equilibrium density gradient centrifugation (Fig.  3a) . Figures 3b and c show, Table 7 . Several examples of sedimentation profiles are demonstrated in Fig. 4 .
As indicated in Fig. 2b and in our previous paper (19) , the rate of TdR incorporation by (46am)-infected cells was normal up to 20 min at 25 C. DNA extracted at 20 min sedimented heterogenously ( Fig. 4a and c) and the amount of rapidly sedimenting DNA was 50 to 70% regardless of whether or not 46/47 was functional (Table  7) . Up to 20 min at 25 C, which corresponds to the early infection period, the absence of the 46 function apparently did not reduce the rate of DNA synthesis and did not significantly alter the structure ofthe DNA synthesized.
In confirmation of the report of Frankel (14), B17 (23am), which has a normal 46/47 function but cannot make capsids, produced a rapidly sedimenting fraction which increased quantitatively after 20 min. When the phage had an amber mutation in gene 46 or 47, these rapidly sedimenting fractions of parental and newly synthesized DNA were greatly reduced in DNA that was extracted at 40 min, the time when DNA synthesis ceased ( Fig. 4b and Table 7 ). In the case of wildtype phage, the rapidly sedimenting fraction in the late infection period was converted to mature-size DNA when head assembly started (14) . The conversion of (46am) DNA from rapidly sedimenting to slowly sedimenting forms in the late infection period was not due to head assembly because the (20am) mutation, known to prevent capsid assembly, did not prevent conversion (column 1, Table  7 ). The sedimentation rates of (46am) (Fig. 4b) Figure 5c demonstrates that the BL292 (55am) mutation completely blocks conversion of L166 (46ts) DNA from the rapid-to the slow-sedimenting form at 42 C.
(ii) Dependence of the production of strands sedimenting faster than mature DNA in alkaline sucrose on the 46/47 function. Even though 60% of the replicating DNA extracted after 20 min at 25 C sedimented more rapidly than mature DNA in neutral sucrose, it was not faster sedimenting than mature DNA when examined after denaturation in alkaline sucrose. This was true whether the phage had a normal 46/47 function or not. Escherichia coli B cultures were infected at 25 C with various phages and labeled with 3H-TdR (SO ,uCi/ml).
DNA was extracted either immediately after pulsing or after chasing with nonradioactive TdR (100 /Ag/ml). (Fig. 6c) , or B3 (46am) DNA, synthesized in the presence of Cam and extracted in the late period (Fig. 6d) , sedimented more slowly than mature DNA in alkaline sucrose. As shown in Table 2 , the temperature-sensitive mutant (46ts, 55am) was capable of continuing to incorporate TdR at 42 C at the same rate as it did at 30 C. However, DNA synthesized at 42 C was more slowly sedimenting than mature DNA in alkaline sucrose (Fig. 7b) and very rapidly sedimenting in neutral sucrose (Fig. 5c) . The appearance of strands sedimenting faster than mature DNA in alkaline sucrose was clearly demonstrated after reactivation of the 46ts protein by a temperature downshift of (46ts, 23am)-or (46ts, 55am)-infected cultures. Some single strands from both temperature-sensitive mutants labeled before and after the temperature shift were more rapidly sedimenting in alkaline sucrose than were mature strands ( Fig. 7a and b) . Figure 7c represents control DNA strands from BL292 (55am)-infected cells and shows that this mutation, which inhibits late protein synthesis, does not prevent accumulation of strands which sediment faster than mature DNA in alkaline sucrose. Therefore, this fastsedimenting strand production was not a late function.
(46ts, 55am) Parental strands clearly became rapidly sedimenting (Fig. 8) (Fig. 9a and b) , but their sedimentation behavior in alkaline sucrose was strikingly different ( Fig. 9e and f) . DNA extracted before the shift was very heterogenous in alkaline sucrose and did not form any definite profile peaks, whereas DNA extracted after the shift was more homogenous and formed an asymmetric peak with a sedimentation rate of lOOS. After longer incubation at 42 C, the DNA became slow-sedimenting in neutral sucrose, forming a homogenous peak close to the position of mature DNA (Fig. 9c and  d) , but there was no significant profile change in alkaline sucrose (Fig. 9g and h) . Temperatureinduced conversion of DNA from the fast-to the slow-sedimenting form in neutral gradients apparently did not include extensive accumulation of single-strand breaks. DNA represented in Fig.  9 was labeled before 40 min, but DNA labeled Alkaline sucrose sedimentation analysis of DNA extracted before and after temperature downshift. Extracts were made in the same way as in the legend of Fig. 5 Fig. 9d and h with control in Fig. 10 ).
Even though its sedimentation rate in neutral sucrose was fairly homogenous and very close to that of mature DNA, this DNA is not a true linear duplex as is mature DNA.
The introduction of double-strand breaks by mechanical shearing eliminated fast sedimentation in alkaline sucrose. As indicated in Fig. 10 , (46ts, 23am) DNA sheared into quarter-length molecules formed the same sedimentation profile as sheared mature DNA in both neutral and alkaline gradients.
(47ts, 23am) responded to temperature upshift in basically the same way as (46ts, 23am), although CB62 (47ts) was much leakier than the L166 (46) mutation. 8H-labeled DNA of (47ts, 23am)-infected cells extracted at the time of temperature upshift sedimented to the bottom of a neutral gradient and was heterogenously distributed in an alkaline gradient, as was the corresponding (46ts, 23am) DNA. In neutral sucrose, DNA extracted 15 min after the temperature shift formed a homogenous peak close to the one formed by mature T4 DNA. However, in alkaline sucrose gradients, a large percentage of it sedimented faster than mature T4 DNA.
DNA extracted from a B17 (23am)-infected culture incubated from 0 to 35 min at 25 C and 35 to 50 min at 42 C sedimented to the bottom in neutral sucrose and more heterogenously than the corresponding (46ts, 23am) DNA in alkaline sucrose (data not presented).
(46ts, 23am)-DNA extracted 15 min after the temperature up-shift (lysozyme-sarkosyl followed by phenol extraction) had the same density as mature T4 DNA in neutral and alkaline CsCl gradients. It eluted from an hydroxyapatite column at the same salt concentration as glucosylated native T4 DNA. If this (46ts, 23am) DNA contained single-stranded portions, they were not abundant enough to cause a change in density in CsCl gradients.
(ii) L166 (46ts) DNA when head formation was not inhibited. When a L166 (46ts)-infected culture was transferred from 25 to 42 C at 35 min, DNA synthesis ceased after a period of rapid synthesis as was the case with (46ts, 23am). However, virtually all of the DNA extracted 15 min after the upshift, whether synthesized before or after the shift, had exactly the same sedimentation coefficients as mature DNA in both neutral and alkaline gradients (Fig. 11) .
Thirty per cent of this DNA was in intact phage (not extractable with cold neutral sarkosyl). Both before and after the transfer, a considerable quantity of strands with a sedimentation coefficient greater than 73S in alkaline sucrose had been produced and was somehow reduced to the 73S form during the (Fig. 12, step 5) . Introduction of double-strand breaks by shearing the DNA into quarter-length segments eliminates this relatively rapid sedimentation in alkaline gradients. The DNA does not contain enough single-stranded portions to be detectable by CsCl density gradient centrifugation. This 63S/100S DNA, currently under further investigation, may have cross-linkage between strands.
Late protein seems to be responsible for conversion of both early-and late-replicating DNA to the slower sedimenting forms found in the absence of 46/47 function (Fig. 12, steps 3-5 ). There is some evidence that conversion is related to DNA maturation. Experiments undertaken after the text of this manuscript was completed prove that conversion of the rapidly sedimenting 46ts and 46am DNA to slower sedimenting forms is completely blocked when gene 49 is not functional (Hosoda, in preparation) . Gene 49 is known to be related to head maturation (21) , and it regulates synthesis of late protein(s) which converts replicating T4 DNA into 63S DNA in vitro. (Frankel, in preparation) . When genes 46/47 are functional, they probably compete with M-DNA formation to maintain or recreate the replicating DNA pool.
Both 46 and 47 functions seem to be necessary for expression of an exonuclease responsible for VOL. 8, 1971 the degradation of host DNA after T4 infection (8, 23, 33 Electron microscopy has revealed the rapidly sedimenting vegetative T4 DNA to be a gigantic structure (20) containing some strands longer than mature size, condensed areas (20) , possible forks, and single-stranded regions (22) . The 
